In this paper, a chromatographic method for isolation and purification of coumarin compounds from Cortex fraxinus was established by using Superose 12 as the separation media for the first time. The conditions for separation were optimized. Four kinds of coumarin compounds including aesuletin, aesculin, fraxetin and fraxin were obtained. The purity of these compounds were 98.5, 99.1, 97.9 and 97.3%, respectively, which were determined by HPLC area normalization method. The chemical structures of the separated compounds were identified according to 1 H and 13 C nuclear magnetic resonance data. The retention behavior of the separated coumarin compounds on Superose 12 was also discussed. The retention is based on a mixture of hydrogen bonding and hydrophobic interactions between the coumarin compounds and the residues of the cross-linking reagents used in the manufacturing process of Superose 12. The results of this paper indicate that Superose 12 is not only suitable for size-exclusion chromatography of proteins and other biological macromolecules but also for low-molecular-weight natural products.
Introduction
Cortex fraxinus is a well-known traditional Chinese medicine. It has been indicated that C. fraxinus possesses various pharmacological effects, including antipathogenic microorganism, anti-inflammatory, analgesic, anticancer, antioxidative stress, neuroprotective and vascular protect effects (1) . It has been traditionally used in the treatment of inflammations, bacillary dysentery, relieving fever, relieving cough and asthma (1) . Aesuletin, aesculin, fraxetin and fraxin are the main active components of C. fraxinus, and they are often used as the target compounds in quality control of C. fraxinus. Therefore, the separation and purification of these compounds are of great significance.
Superose 12, a heavily cross-linked 12% agarose gel product, has been widely used for size-exclusion chromatography of proteins and other biological macromolecules (2) (3) (4) (5) . Recently, the application of this matrix for isolation and purification of natural products also arouse the attention of scientists. A variety of low-molecular-weight natural products were separated on the column packed with Superose 12 particles by the group of Janson et al. (6) (7) (8) (9) . Our group also attained some achievements on separation of low-molecular-weight natural compounds by using 12% cross-linked agarose gel media (10 -12) . But up to now, no report was found for separation and purification of active components from C. fraxinus by using Superose 12.
In the present paper, a chromatographic method for isolation and purification of coumarin compounds from C. fraxinus was established by using Superose 12 as the separation media. Four components including aesuletin, aesculin, fraxetin and fraxin were obtained in one-step separation. The purity of these compounds was 98.5, 99.1, 97.9 and 97.3%, respectively, as determined by HPLC area normalization method. The chemical structures of these compounds, shown in Figure 1 , were identified according to their 1 H and 13 C nuclear magnetic resonance (NMR) data.
Experimental
Apparatus A pump and a UV detector of TriSep-2010GVpCEC System (Unimicro Technologies, Pleasanton, CA, USA) were used to pump the mobile phase and perform the UV absorbance measurement. A Rheodyne 7725i injection valve with a 2-mL loop was used for sample injection.
A Superose 12 10/300GL column packed with cross-linked agarose (10 Â 300 mm, particle size 11 mm) (GE Healthcare, Uppsala, Sweden) was used for adsorption chromatographic separation.
An Agilent 1100 HPLC system was used, including G1311A QuatPump, G1315B UV-vis photodiode array detector, Rheodyne 7725i injection valve with a 20-mL loop, G1332 degasser and Agilent HPLC workstation (Agilent Technologies, Waldbronn, Germany).
The NMR spectrometer used for NMR spectra measurement was a Mercury Plus 400 NMR system (Varian, Palo Alto, CA, USA).
A FZ102 plant disintegrator (Taisite, Tianjin, China) was used for disintegration of the sample.
Reagents and materials
All solvents used for preparation of crude sample and separations were of analytical grade (Jinan Reagent Factory, Jinan, China). Methanol used for HPLC was chromatographic grade (Tedia, Fairfield, OH, USA), and distilled water was used.
C. fraxinus was purchased from a local drug store and was identified by Professor Yongqing Zhang (Shangdong University of Traditional Chinese Medicine, Jinan, China).
Preparation of sample
The dried C. fraxinus was ground to powders ( 40 mesh) by using FZ102 plant disintegrator. One hundred grams of the powders were extracted with 500 mL of 95% ethanol for 1 h under reflux. The extraction procedure was repeated three times. The extracts were combined and evaporated under reduced pressure by rotary vaporization at 558C, which yielded 9.6 g of crude extracts. It was stored in a refrigerator for the subsequent adsorption chromatographic separation.
Separation of C. fraxinus by adsorption chromatography
The mobile phase used for adsorption chromatography separation of C. fraxinus extracts on Superose 12 column was 30% methanol. The flow rate of the mobile phase was invariably 0.5 mL/min. All samples were dissolved in the mobile phase and prefiltered through a 0.22-mm filter to remove possible dust before injecting to the Superose 12 column. The injected sample volume was 2 mL. The effluent from the outlet of the column was monitored using a UV detector at 254 nm. The chromatogram was recorded 30 min after the sample injection. Each peak fraction was manually collected according to the chromatogram and evaporated under reduced pressure. The residuals were dissolved in methanol for subsequent HPLC analysis. After the separation procedure finished, the column was cleaned-in-place using four column volumes of 0.35 M NaOH at a flow rate of 0.5 mL/min. The column was then stored in 20% (v/v) ethanol.
HPLC analysis and identification of adsorption chromatography peak fractions
The crude extracts of C. fraxinus and adsorption chromatography peak fractions were analyzed by HPLC. HPLC analysis was performed by using Agilent 1100 HPLC-DAD system with a SPHERIGEL ODS-C 18 column (250 Â 4.6 mm ID, 5 mm) at room temperature. Methanol -0.1% phosphoric acid (18:82, v/v) was used as the mobile phase. The flow rate was 1.0 mL/min, and the effluents were monitored at 254 nm.
Identification of the Superose 12 peak fractions was performed by 1 H and 13 C NMR. 1 H and 13 C NMR spectra were recorded on a Mercury Plus 400 NMR.
Results

Optimization of HPLC conditions
In order to achieve the optimum HPLC conditions for analysis of extracts from C. fraxinus, several elution systems, such as methanol -water, methanol -phosphoric acid, were tested for HPLC analysis. When methanol-0.1% phosphoric acid (18:82, v/v) was used as the mobile phase, good results could be obtained. The crude extracts and peak fractions separated by Superose 12 were analyzed by HPLC under the optimum analytical conditions. The chromatograms were shown in Figure 2 .
Optimization of adsorption chromatographic conditions Several mobile phases were tested for adsorption chromatography separation of crude extracts. The peak fractions of adsorption chromatography separation were analyzed by HPLC. The results indicated that when 60% methanol was used as the mobile phase all the target compounds cannot be separated well ( Figure 3A) . Therefore, a serious of low-concentration methanol solution was tested for separation. When 30% methanol was used, the separation of peaks I, II, III and IV became acceptable ( Figure 3B ). Therefore, 30% methanol was used as the mobile phase for adsorption chromatography separation of crude extracts.
The crude extracts of C. fraxinus were separated and purified by using 30% methanol as the mobile phase of adsorption chromatography. The typical chromatogram was shown in Figure 3B . Four components including aesuletin, aesculin, fraxetin and fraxin were obtained in one-step separation. The purity of these compounds was 98.5, 99.1, 97.9 and 97.3%, respectively, as determined by HPLC area normalization method. The chromatograms of HPLC and UV spectra of these compounds were shown in Figure 2B -E.
The structural identification
The chemical structure of each peak fraction was identified according to its 1 H and 13 C NMR data. Peaks I, II, III and IV in Figure 3 were identified as aesuletin, aesculin, fraxetin and fraxin, respectively.
Peak I in Figure 3 . Compared with the data given in references (14) , Peak IV corresponded to fraxin.
Discussion
The retention behavior of the target compounds on Superose 12
The retention of a compound on a chromatographic column is based on the interaction between the compound and the matrix packed in the column or the steric exclusion effects. This is related to its molecular structure. The compounds of C. fraxinus mainly include aesuletin, aesculin, fraxetin and fraxin. The retention behavior of these compounds on Superose 12 was studied by using methanol/water as the mobile phase. The retention factors of these compounds were summarized in Table I . It can be seen that the concentration of methanol has great influence on the retention of these compounds. The retention factors increased with the decrease of the concentration of methanol. This indicates that the retention of these compounds on Superose 12 is mainly by the adsorption or hydrophobic interactions.
For the compounds mentioned above, they all have the same aglycone skeleton. The main differences between them are the groups on C-6, C-7 and C-8. The groups are given in Table I . Hydroxyl group could form hydrogen bond with other compounds. The more the hydroxyl groups present in the molecule, the stronger the hydrogen bonding it could be formed. Aesculin has one hydroxyl group and aesuletin has two hydroxyl groups. But the two hydroxyl groups of aesuletin are at ortho-position and can form intramolecular hydrogen bond. This inhibits aesuletin to form intermolecular hydrogen bond with the stationary phase. From the discussion mentioned above, it can be seen that the strength of the hydrogen bonding formed by the hydroxyl groups of aesuletin and aesculin has the following sequence: aesuletin , aesculin. The same thing happened to fraxetin and fraxin. This is in accordance with the sequence of the retention factor of these compounds obtained on Superose 12. This indicates that the retention of aesuletin, aesculin, fraxetin and fraxin on Superose 12 is by hydrogen bonding interactions.
Butyl is one of the cross-linking reagents used in the manufacturing process of Superose 12. Hydrophobic interactions may be present in the matrix. The retention of aesuletin, aesculin, fraxetin and fraxin on Superose 12 is based on a mixture of hydrogen bonding and hydrophobic interactions.
Conclusion
Superose 12 was used for one-step separation and purification of coumarin compounds from C. fraxinus. The conditions for separation were optimized. Four coumarin compounds including aesuletin, aesculin, fraxetin and fraxin with the purity of 98.5, 99.1, 97.9 and 97.3%, respectively, were obtained. The retention of the coumarin compounds on Superose 12 is based on a mixture of hydrogen bonding and hydrophobic interactions. This indicates that Superose 12 is not only suitable for size-exclusion chromatography of proteins and other biological macromolecules but also suitable for low-molecular-weight natural products. Retention factor k is calculated as following: k ¼ (t R 2 t M )/t M ; where t R is the retention time for retained species and t M is the time for unretained species (dead time).
